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L'auteur dCcrit le climat de la toundra alpine en fonction de I'Cchancc cI Cncrsie qui 
comprend radiation, convection et transpiration. Le bilan des radiations du milieu alpin est 
d&.rit Pn r l i t a i l  pn rnpt tgnt  !'arrent stir I P S  station% montagneilsPs de la tiiiintlr:i I I  clonne 
Cgalcmcnt dcs resultats de mesures de tempCratures foliaires. 

I I  prockdc enfin h une evaluation de I'Cchange d'6nergie et de I ; I  tcn1pcr;Iltli~c loli,iirr (IC 
P o / v p ) t i u t i i  h i ~ / o r ~ o i i / c s .  

2USAMMENI.ASSUNCi 

Das Klima des alpinen Tundra wird in Hinsicht des F,nergieaust:iuches hexhriel.cn 
Dieser umfasst die Austrahlung, die Konvektion und die Transpiration. Der He\trahlung- 
hauhha!t in der alpinen Stufe wird eingrhend behandelt niit besonJrrer Bcrtich\iihtigilng del- 
Ultraviolettbestrahlung. Der Verfasser beschreibt auch das Windprofil eines bcr_cigen kahlen 
Standortes der Tundra. Er gibt ebenso die Ergebnisse von Blattteniperatur-Mesungen. Ener- 
gieausstauch und Blatttemperatur von Polggonum bistordoides wurden gemessen. 
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f , . i ( , .  2. - -  Spectral transmissivity of the  zenith ;itriio\pt~:'rc 
diic to wune  absorption and Rn)-leigh \c:rttcrinr! I.\ ail. 
inolecrile\. The wavelength is non linear in order Ih.tt thc 

Rayleifh scattering function be a straight l inc 
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where I .  is the wavelength and IL is the index of refraction. 
This is the reason for using the abscissa scale as shown in Fig. 2. since the 

scattering component then is linear on such a plot. It is seen from Fig 2 that 
the Rayleigh scattering component is particulary effective in reducing the in:,:n- 
sity of solar radiation through the visible and near ultraviolet. It is a lw  noted 
that the change in transmissivity with altitude, when comparing the sea level value 
with the value in the alpine tundra, is considerable for direct solar radiation 
transmitted through the zenith atmosphere. At a wavelength of 3 I00 K the sen 
level transmissivity for radiation through the vertical would be about 30 ?& . I\ hile 
at 1400C1 feet it would be 50 %. For slant paths through the atmosphere the effect 
is much more striking. 

The total attenuation of direct ultraviolet sunlight for clear shii.s i n  the alpine 
and at sea level is shown in Fig. 3 for an air mass, sec z = 1.05, corresponding 
to a zenith angle, z = 18", and for sec z = 2.00, or a zenith anglc, z = 60". 
At noon on the summer solstice the sun will reach a zenith anglc of IS" at ;i la t i -  
tude of 40.5". The attenuation shown here is solely duc to ozone absorption a i i c l  
Raylcigh scattcring and does not include attenuation cnoscd by dust in 111c ; l i i i lO-  

sphcrc. Thc valucs given in Fig. 3 rcprescnt thc n u x i n i u n i  triinsp;ii-cncy thc \hy  
should attain with only a slight improvement during pcriocls ol' low o / o i i c '  concL.ii- 
tration. The curves represent ozone amounts of 0.250 atmosphcrc cciitimctci-s. 
an approximate mean value. 

Because of the great importance of ultraviolet radiation to alpine piants 
and animals, it is useful to evaluate this portion of the spectrum with rvirticiil:lr 
care. Figure 3 shows an expanded plot of the distribution of the extraterremial 
solar energy as a function of the wavelength. This plot is based on data from 
DUSKELMAN and SCOLNIK (1954). The energy has been averaged mer  100 A inter- 
vals in order to smooth out the stronger variations which occur with \v;ivclength 
The solar irradiancc is strongly variable in the ultraviolet, although t h i s  :iri;ihility 
does not show up in thc total energy, i.c. in thc v;iliic iil' tlic soI;ir cowtil i i i .  

Among thc biologiciil cffccts 01 iiltr;tviolct r;idi;itioii o i l  oif:;tiiisiii\  i5 i t 5  

inlliiencc o n  human skin i n  the I'orm ol' sunburn o r  t a i i i i i i i K  o f  tlir shi i i .  '1'11,. 
rcl;ilivv actiun spectrum curve f o r  erythema, o r  rcdtlcning 0 1  the . , k i n ,  i \  \hou I I  

in  1-ig. 4 :I\ taken from B L ~ J M  (1959). The strong peak at 2950 ! should 1~ n t r t c d  
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Pic;. 3 .  - -  Spectral transmissivity of the atrno\phcre 
for the alpine undra at  12 to 14,000 feet above sea level 
and the sea level values for air mass 1.05 (zenith angle 18") 

and air mass 2.0 (zenith angle 60") 

and iiic F ' t ~ t  that wavc!cng:hs !zngcr !ban 1200 A are not effective. Toward \her 
tcr \v;ivclcngths thcre is ;I minimum at 2800 -.i and then at shorter \ ~ : i ~ ~ ~ : ! c n g t h ~  
yet the erythemal activity rapidly increases again (not shown in Fig. 4). At'tci ;I 

suntan has bcgiin to bleach, its color may be restored to sornc cxtent b;, c . x p o ~ ~ ! i ~ ~  
to wavclcngths from 3 0 0 0  A to 4000 A .  The action spectrum for pi;:!iicnt tlarhcs- 
ning i s  :11\(i \liowii 1 1 1  ILig. 4. I t  is clear that m;in cxposctl  1 0  tlic l 1 1 1 1  t , \ . i i , i t c , l  I (  , ,  

triiil r i l l r ; iv i i  llrt siirilirrht woiiltl Iw scriowly i f  not la1:iIly Iiiirncd : i 1 1 ( 1  1I i ; r t  V.I I  i t 1 1 1 \  

carcinogcnc'tic rllects woulcl ; i l w  occur, scc I$I.~JM ( I950). \V:i\vc.!ci:g,t!!y. \ I K > I  i c ' l  

than 31-00 i cause skin cancer in man. As will bc seen latcr, thc amount ot 

sunlight receivcd at thc earth's surface near sea lcvel of wavelengths shi r t r r  than 
3200 A is \-cry small. However, skin cancers do occur in men at sea Ic.vcl whew 
occupations keep them out of doors. At higher elevations the amount of rxlia- 
tion shorter than 3200 A is substantially increased, see Fig. 5. According t o  L *,1'- 
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R r w  and MAYERSON (1932) the main antirachitic componcl~? l c ~ l a ~  r,lilr:ition 

con\i)t\ o f  wavelengths shorter than 3 I30 4. 

I I I I 1 

, ., 
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FIG. 4. - Intensity of the extraterrestrial ultraviolet solar radiation a; ;I fi~!..:, Y I  of \Y:I\ : i ~ i g t h  
and thc relative action spectra for erythema and pignicnt hrkcr7:r:i: o f  h ! z ; ! i a : i  \ h i m  

It is the amount of ultraviolet sunlight at the carth's suifnce iiith i ~ t 1 1 ~ 1 1  wc 
are to he concerned here. From the transmissivity curvcs of Fiv 3 ,  and thi: 
extraterrestrial solar radiation shown in Fig. 4, it is pcw4ble 1.t' crmputc thc 
amount of direct ultraviolet sunlight received at the surfacc. HoIvcvc.r. III ricltlit  i o n  
to direct sunlight there is a strong amount of scattered skylighi which in thc 
ultraviolet often is greater than the direct sunlight. Thcrc is very  littlc ohtcrva- 
tional data concerned with the scattered ultraviolct skylight. 7!ic h . \ t  soi im' o f  
information is a report by BENER (1960) concerning observ:ilit)c-, !w n i . 1 ~ 1 ~ .  at  
Diivos, Switzerland. Howcvcr, BENER'S data is f o r  :in it l t i t i l t!c.  ot ! inct~-i , .  

a h o v c  scii l e ~ c l  and some allowance must hr mr!dc. !E ! . !> , i~g  i: i,:, %,:i iiiciic~tLio11 

of \%.hat may be the situation at higher altitudes. An anallsi. < ) I '  Lit VEP '  tlat,~ w a s  

n:.ide so that ratio of skylight to direct sunlight for varioiis wa*Lclength< was 
determined a5 a function of thc air mass. The situation would appear to bc th:rt 

thc ratin of \kylight to direct sunlight is approximatcly 1 0 ;I( ri i i  a i r  in;ics of 1.2 
and 2.0 for an  air mass of 2.0. It was considcrcd from !hit. t k : :  i:; tlw ;ilpiiiv 
thc: ultraviolet skylight would just about equal the direct ultra\ i:)lcf \uiil!yht tor 
an air mass of 1.05 and would bc double the amount ni ult i- i i \ iois Yirniiyht inr- 
an air mass of 2.0. On this basis the curves representing :hc tot,! i  ,in:ount of 
incident colar ultraviolet radiation (direct sun plus diffusc sAylic!-,t ) rc'cc'i\{:(i 0 1 1  

cxpowd horimntal surfacc would be as shown in Fig 5 . I  I!. i l l r - \ I  ., II\I I I I C  



e 

47 

W A V E L E N G T H ,  A Y G S T R Q M S  

FIG.  5 .  - Spectral distribution of total sunlight (direct and diffLl\e) 
incident on a horizontal surface in the alpine at  12000 feet ahove \ea l e i c l  

and at sea level for zenith angles of 18" 
(SCC z E 1.05) and 60" (sec z = 2.00) for a clear day. 

:ilpiric m a y  Ix sorncwh;it t1ntlcrcstirn;itctl and thosc f o r  sea Ie\cl ~ l \ ' . i . ~ . ~ t i i i i , i t ~ . , l ,  

ho\vcvL.i-. in  gcncr:il it  should rcprccciit ;I re;isonal)lc conip;ii.isoii I ! > I .  11ic .  \ .I( ious 
clear sky conditions. 'l'he areas under thc curves are given i n  I:i!: 5 ;ind i t  is 
evident that the alpine receives substantially more ultraviolet energ! t!l:in does 
the curface at sea level. The total energy shorter than 3200 Ai i \  1.00 
cal crn rnin-' for the alpine with air mass 1.05, and 0.44 X 10 " ;it air miss 
i.u. wiiili fci x: !ex! thr amounts are 0.67 X lo-' for air mas\ 1.05 and 2.0 
rcspx;i\el). Hcnce, at air mass 1.05 the alpine is irradiated wiL!i 1.5 :in:c.s 2s 
much short ultraviolet (< 3300 A) and with 2.2 times as much :it air inass 2.0. 
I t  is someivhat surprising that in going from sca level to altitudc.; ct :ibout 13000 
fcc t  the increase in ultraviolet radiation is not more suhst:\nti;ii. The rrcatcr 
prc\c'ricc. o f  dust :it lower clcvations will play ;in cnorrnous role t ( i l \  : I !  tt ri,tliic.irig 

tlic <<.;I Ic\.cl v;iIiie\ l o r  m;iiiy cloudlccs chys .  Accordin,q to I , \ I  I < I  .\ :II(I "\ , \ \VI I<- 
s o u  ! 1032) tlicrc is, ncvcrthclc\\, amplc ;iiitii-;ichitic compori\,iit 01. siiii l i;:l it 
(y' 31 3 0  ?I) at  New Orleans during rnidsumnicr and thcy givc iii.:,i\urcd v ; i l i i ~ ~  
o f  10 ' ea1 em-2 min-1. 

Observations of the ultaviolet radiation of wavelengths shor t c -  th,in 3 I O 0  A 
incident ,it various altitudes in the Rocky Mountains have been ma& h i  2 . l ~  K I C I  I 

and \ l t K i c  L E  (1964) The'ir results of clear days are s h m n  in Fig 6 nhich gives 
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the total integrated energy from 2900-4100 A for direct sunlight, as a function 
of the time day, at elevations of 11,400, 9600, 8600, and 7800 feet. The values 
do not include the skylight and are approximately one-half the magnitude o f  thc 
values obtained by integrating the areas undcr the curvcs of Fig. 5. 'I'hc C L I I V C S  . 
are a good indication of thc diurnal variation of the ultriiviolet incidcnt at the 
surface for a clear day. The ratio of the ultraviolet received for air mass 2.0 
occuring at 7 : 15 a. m, to air mass 1.05 at noon gives nearly the same ratio for 
MERICLE'S data and for the areas in Fig. 5. 

FIG. 6. - Diurnal variation of the observed intensity of ultraviolet 
in direct sunlight excluding skylight during clear days in the 
Calorado Rocky Mountains near latitude 40" N at the following 
locations : a) Summit of Mt. Evans, 14,200 ft. (4,330 m); b) Niwot 
Ridge, 11,400 ft. (3,473 m); c) Science Lodge, 9,600 ft. (2.930 m); 
dj Ceiiiiai City 8,600 ft. (2,625 m); and e) Raymond, 7,800 ft. 

(2,380 m). Data taken by L. W. Mericle ana R. Mericle. 

Throughout the visible portion of the spcctrum the attenuation of solar m- 
diation by the atmosphere is primarily causcd by scattering. tlowcvcr, in thc 
infrared portion of the spectrum, where nearly $0 %.of the extraterrestrial cncrgy 
from the sun is located, strong attenuation is caused by absorption due to atmo- 
spheric water vapor and carbon dioxide. These absorption bands are evident in 
Fig. 1. There is dramatically more infrared solar energy received in the alpine than 
at sea ievei and this is important for the existence of life at these elevations. The 
infrared solar radiation absorbed by plants plays an essential role in warming 
them and keeping their temperatures at a level sufficient for active photosynthesis 
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and other physiological processes. Unfortunately, plants have a characteristically 
strong reflectance in the near infrared, as shown in Fig. 7 and are not :iblc t o  
take as much advantage of this additional radiation as othcrwisc thcy might. 'This 
same high reflectance, however, is a prctective mechanism to prevent them from 
burning up when the air temperature is high, particularly at lower elevations. 

t 

FIG. 7. - Spectral absorptance, reflectance, and transmittance 
of Populus deltoides leaf as a function of the frequency of the 
radiation in wavenumbers. A wavelength scale is given at the 
top. A wavenumber is the reciprocal of the wavelength and 

is proportional to the frequency. 

ENERGY EXCHANGE 

, The plants on the surface, sandwiched between ground and sky, irradiated 
with sunlight, exchanging radiant energy, cooled and dried by wind, and cooled 
by transpiration are subjected to the following energy budget : 

at  (S + s) + a2r (S + s) + as (R, + R,) - 2 et u TI! k 2 C - 2 LL: = 0 

where al is the absorptivity of the leaf to sunlight, a2 is the absorptivity to reflcc- 
ted sunlight, r is the reflectivity of the ground to sunlight, S and s are the direct 
and diffuse sunlight respectively, aR is the absorptivity of the leaf to long wave 
thermal radiation, R, and R, are the long wave thermal radiation emitted by 

i 

A 
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ground and sky respectively, Et = as is the thermal emissivity of the leaf, u is the 
Stefan-Boltzman constant for blackbody radiation, TA is the leaf temperature in "K, 
C is energy exchange by convection, E is the transpiration rate in gm cm-2 min-' 
and L is the latent heat of vaporization. Two additional terms could be consi- 
dered in the above equation. A term for energy consumed by the leaf in photo- 
synthesis, which is small compared to the terms given, and a storage term for 
non-steady state situations, 

Two types of convection may occur which will transfer energy to or from 
an organism; free convection in relatively still air, and forced convection in windy 
air. From heat transfer theory, and from specific experiments concerned with 
plants, GATES (1962), GATES and BENEDICT (1963), TIBBALS, CARR, GATES and 
KREITH (1964) and GATES, TIBBALS, and KREITH (1965) have shown that the 
energy exchange by convection can be determined experimentally, For a narrow 
flat leaf, such as that of Polygonum, the following formulae give a reasonable 
approximation for convection. For free convection : 

cf = 6.0 x 10-3 ( - )1'4 AT 

For forced convection 

c, = 5.7 x 10-3 (:)'" AT 

(4) 

where D is the dimension of the leaf in the direction of the flow, which usually 
can be taken as the width of the leaf, V is the wind speed in the cm sec-l; and AT 
is the difference between leaf and air temperature in "C. The coefficients are such 
that C is expressed in cal cm-2 min-*. 

OBSERVATIONS 

During the summer of 1963 an attempt was made to measure and evaluate 
the various terms in this equation for a site in the alpine tundra on Niwot Ridge, 
Colorado, above Science Lodge, at an altitude of about 11,000 feet. Solar radia- 
tion was measured with an Eppley pyrheliometer. A Gier and Dunkle hemisphe- 
rical radiometer was used for the measurement of long wave infrared radiation 
from the atmosphere or from the ground. A Stoll-Hardy directional radiometer 
was used for observing the radiant temperatures of plant leaves, ground surface, 
and atmosphere. In the case of the ground radiation, R,, and the atmospheric 
radiation, R,, the measurements using the Stoll-Hardy radiometer were checked 
against the observations made with the Gier and Dunkle radiometer. These instru- 
ments are described by GATES (1962). In addition plant leaf temperatures were 
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observed using fine copper-constantan thermocouples with onc junction inscrtcd 
into the mesophyll o f  the lcaf and thc othcr junction eithcr in tlic air, in tlic 
shade, or in an  icc-w;itcr bath. Air tcmpcraturcs at hcights o f  3, I O ,  ;uid IO0 cni 
were measured with tine thcrmocouples, and also wind speeds at rht-sc s;iiii~* 

heights. Wind speeds were measured with a hand held velocity meter of thr: tor- 
sion, fan type. Relative humidity of the air was measured with a sling-psychrometer. 

u 
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FIO. 8. - Microclimate measurements made on Niwot Ridge, Colorado at 11,500 ft., (3,504 m) 
above sea level on 26-27 July 1963. From the values of the microclimate parameters and the 
measurements of leaf temperature. the components of energy exchange were calcnlated for 

Polygonum bistortoides as shown. 

The energy regime at the surface of the alpine tundra for a typical, partly 
cloudy, midsummer day, 26-27 july 1963, is shown in Fig. 8. The various radia- 
tions streams, short wave and long wave, upward and downward fluxes, are cnch 
shown separately. It is important to consider the individual strcarns. f o r  :I plant 
or animal will be coupled to the short wave solar radiation differently (hiin to (lie 
long wave thermal radiation from the surroundings. From mcasiiremunts by 1 1 1 ~ -  
KEBAK (1964), and GATES and TANTRAPORN (1952) on the absorptivity of plant 
leaves one can assume an absorptivity to sunlight, al = 0.52, for deciduous leaves, 
and an absorptivity to infrared thermal radiation, a3 = et = 0.96. Hence the plant 

I 
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is couplcd ncarly twicc as tighlly to the infrared :IS to the solar r; id i i i t io i i .  'I'his 
mcans that the teniperaturc of thc plant may oftcn hc niorc ; icut~*l~ ~ L * I C * ~  iiiiiicd 

by the thermal radiation from the surroundings, than Iroi i i  thc sunlight. p i r t i c u -  
larly when the amount of sunlight is only modcratc. The anmilit 01 rndiat ion 
absorbed by a leaf of Polygonum bistortoides is shown in thc lower p i r t  of Fig. 8. 
The absorbed radiation must then be dissipated from the leaf by reradiation, 
convection, and transpiration, although convection may at times contribute energy 
rather than abstract energy. 

The amount of sunlight received at the surface on 26 and 27 july, 1963, was 
not particularly strong since a great deal of overcast existed. The situation for 
clear days will be discussed later. From Fig. 8 it should be noted that there was 
always some wind for these days, even at the plant level. The wind speed fell 
rapidly as the ground surface was approached. When the wind speed was 8 mph 
at a height of 2 meters it was only 2 mph at a height of 3 cm. This sharp gradient 
in wind profile is without doubt a notable reason why alpine plants are not 
particularly tall. The effects of the physical environment observed here were 
measured and evaluated for a leaf of Polygonum bistortoides. The obwrvcd leaf 
temperatures are shown in Fig. 8. It is evident that during the period 26-27 july 
the leaf temperature remained very close to the air temperature at the level of 
the leaf. This is the result of two factors the reduced s o i a  heating of the leaf 
because of the cloud cover, and the constant presence of wind. It is interesting 
to note that for a considerable amount of the time the air was warmer than the 
leaf and therefore the convection term in the heat budget of the leaf was positive, 
although usually very small due to the slight temperature difference between 
the air and the leaf. A positive term in the energy budget implies energy transferred 
to the leaf. This is the result of two factors : the reduced solar heating of the leaf 
temperature being below air temperature, the transpiration rote must increase. 
This is clearly seen to occur about 1715 on 26 july. Transpiration will also be 
increased with an increase in the amount of radiation absorbed by the leaf as 
can readiiy be seen in Fig. 8. 

The energy budget terms for the bistort leaf are all shown in the lower part of 
Fig. 8. The radiation emitted by the leaf was determined with the Stoll-Hardy 
radiometer and also by measuring the leaf temperature with thcrmocouples. The 
convection exchange was computed using Eqn. (4) or ( 5 )  and the temperature 
difference, AT, and wind speed V. For bistort the width of the lcaf, D, was taken 
to be 2.0 cm. Finally the transpiration was computed from the other terms in 
order to balance Eqn. (3). The diurnal behavior of the calculated transpiration 
rate shown in Fig. 8 is entirely rcasonablc and thc valucs are of thc right ordcr 
of magnitudc. 

In Fig. 9 is shown the same characteristics for a clear clay, 2-3 scptcmlxr, 
during which the cloud cover was nearly always small. The wind speed was consi- 
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derably less during this period than during the period illustrated in Fig. 9. Although 
the midday air temperature was nearly the same for thc two pcric.tis. the lcaf 
temperature of I'olygonrrm histortoides was sl1hstilllti;lIIy highcr 011 i l i c  c-Ic;ir, iiitwc 

calm, day. This increase in Iciif tcmpcrittiw 111;iy hc al' c~msitlcr;\blc iniport:iucc 
since certain biochemical processes, such as photosynthcsis and ~.cspiration, may 
be strongly determined by leaf temperature. It should be noted that in terms of 
the energy budget computation, where transpiration is computed to balance the 
energy equation, that during a couple of hours of the night 26-27 July and all 
of the night 2-3 September, condensation of moisture on the leaf apparently was 
occuring. However, although the leaf was wet part of the time, it does not mean 
that condensation was always occuring. Since the transpiration term is computed 
as the difference in all the other terms in the energy budget. it could represent the 
accumulated error in the calculations. 

' I '  m 

FIG. 9. - Microclimat measurements made on Niwot Ridge, Colorado at 11,500 ft. (3,504 m) 
above sea level on 2-3 Sept. 1963. From the values of the microclimate parameters 

and the measurements of leaf temperature, the components of energy exchange were calculated 
for Polygonum bistoroides as shown. 

A few single observations of the temperatures of alpine plants which h a w  
been made on clear or partly cloudy midsummer days show that the plants may 
become very warm. On Niwot Ridge, at 10,000 feet, 22 July 1962, with clear 
sky and a few scattered cumulii and an air temperature of 18"C, sunlit leaf tem- 
peratures in still air were as follows : mertensia 27.3"C, bistort- 28.2 to 29.1"C, 



54 M. GATES AND ROBERT JANKE 

grass 20.1 'IC,', moss ciimpion 3 1 .Y to 34.6"C; whilc soil rnnt:iining scrtllings of 
Drahtr. Orioxous ulpinu, Sellurn stcriopcrirlirm. 1'ol,v~o11rm~ his11 wtciiclc*s. A rtemisiu 
scopulurum, Loida seralina, and moss campion was at a temperature of 5 3 . U T  
and a bare aluvial soil had surface temperatures from 53.0 to 57.1"C. Some of 
the seedlings noted in this cluster had dead, dried leaves which 'were clearly 
a burned 3 and dessicated at thcse tempcratures. Clcarly the microclimate for these 
seedlings, which in their entirety were so close to the warm soil, was very severe 
and resulted in mortality to many seedlings and severe damage to others. 

Leaf temperatures of alpine plants have also been reported by SALISBURY and 
SPOMER (1964) in which plant temperatures as high as 32.5"C were reported. They 
also report leaf temperatures as much as 20°C above air temperature. 

The importance of measuring the air temperature at the level of the plant 
should be noted from Figs. 8 and 9 where the temperature at the 3 cm height may 
be considerably different than the temperature at 100 cm height; warmer near 
the surface during the daytime and cooler at night. In many instances the varia- 
tion in air temperature from 3 to 10 cm above the surface is comparable with 
the variation from 10 to 100 cm. 

The importance of the soil temperature and the air temperature near the 
surface was emphasized by BLISS (1956) when he stated a Of the environmental 
factors affecting growth rates of the various species at Umiat, it seems that soil and 
air temperature are most influential 3 and further Q: The controlling effect of higher 
temperature near the surface of the ground upon growth is clearly shown for 
Ahus crispa which leafed out 2 to 4 days earlier at the base of a clump than at 
the top of the same clump (1 m). The start of leaf expansion occured 6 days 
earlier on the south side than on the north side of the same clump at Umiat. B 

The radiation microclimate near the surface may have a diurnal cycle as 
shown in Fig. 10 in which the total radiation incident on two surfaces of the 
piarit miglit be as high as 3.89 cal 2 cm-' r~ i9- l  or I .90 cal cm-2 min-I. For 
these conditions the radiant energy absorbed by a leaf would be approximately 
1.30 cal cm-2min-1. The small leaves of these seedling may on occasion have 
temperatures above 55°C. In the absence of wind, with an absorbed energy of 
1.30 cal cm-2 min-l, without transpiration, and with the energy dissipated only 
by reradiation and free convection the leaf temperature would reach approxima- 
tely 58 "C if the air temperature near the surface was as high as 30 "C. A leaf 
temperature this high must be nearly lethal. It is, of course, possible that in the 
absence of wind and strong mixing that air temperatures in small protected pockets 
in the tundra would go even higher than 30°C for limitcd pcriods. At such times 
the mortality among small scedlings could be very high, sincc the rat1i:rtion intcn- 
sity is very strong. The small dimensions of alpinc plants makc tlic cooling by 
the air more effective than for plants of larger size. However, this will make only 
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FIG. 10. - Diurnal variation of the radiation 
components incident on upper and lower surfaces 
of a horizontal leaf in the alpine tundra on a clear 
summer day. The downward direct and diffuse 
sunlight is (S + s), sunlight reflected upward by the 
ground is r(S + s) downward longwave thermal 
iadiation from ihe ground surface is K,, upward 
longwave thermal radiation from the ground 
surface is R,, and the total radiation incident on 
the upper and lower surface is given in cal 

2 cm-2min-1. 

n few dcgrccs diffcrcncc in tcmpcruturc. The direct solar radi;ition incitlclit on ;I 

horizontal surface at noon on a clear day with scattcrcd cumulus clouds will often 
exceed the solar constant and reach a value as high as 2.20 cal cm-2 min-'. 
These strong amounts of radiation can be experienced by the moutainecr when 
he rests in the sun but is sheltered from the wind. 
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WIND AND CLIMATE 

Y 

FIG. 1 1 .  - Measured wind speed as a function of height 
above the surface for the fell field on Niwot Ridge, 

Colgrado at an elevation of 11,500 ft., (3,504 m) 
above sea level. 

there. In fact thc plant covcr detcrrnines to a considcrablc cxtcnt thc surface 
rolrghness ;inti thc resulting wind profilc. Although the wind pialilc will ch:ingc 
j'rom position to position on the surface, thc prolilcs shown in Fig. I 1 arc 1)r()l>i1bIy 
quite typical. A semi-log plot is used because it has been found that ~ I I C  wind 
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speed increases exponentially with the height above the surface, a relationship 
which can be expressed in the following form : 

where u ~ ~ , ~ ,  is the wind speed at a height of 200 cm abovc the surface and 1,) a 
roughness parameter. 

The roughness parameter is a description of the surface as it influcnces the 
flow of air over the surface. It depends on the vegetation cover, the rocks, and 
other terrain features. Once zo is known for the surface then the wind profile is 
always known. From Fig. 11 one can determine that z has a mean value of approxi- 
mately 0.45 cm for the alpine tundra observed in late July, August, and early 
September. Individual values of zo varied between 0.26 and 0.65 cm. The nature 
of the tundra surface is quite variable and one can expect more of a variation in 
values than this, particularly as one goes from fairly sparse vegetation to a lush 
dense vegetation cover. Other investigators have obtained 0.1 cm for closely 
cropped lawn grass, 2.3 cm for thick grass 10 cm high, to 3.2 cm for an open 
field of high grass. The value of uzoo/k in Eqn. (6) is approximately 1.8 mph. 

Plant temperatures of plants of upright habit change inversely with wind 
speed. Since the wind speed is highly variable in the alpine tundra, plant tcnipera- 
tures may change quickly and frequently. Air temperature at the plant level during 
the daytime, when the surface is heated by sunlight, varies inversely with wind 
speed in that increased wind produces a mixing of the surface air with the air 
higher up and diminishes the air temperature. Equation (5) expresses the function,il 
relatiomhip of the cooling power of the wind on thc vegetation. 

An increase in wind speed will produce an increase in leaf cooling, ar.d when 
accompanied by a sudden drop in the air temperature which accentuates A T,  then 
the convective cooling becomes even stronger. This tends to bring the lcaf tenipc- 
rature clotcr to air temperature when the leaf is fully sunlit. At nlght a rcvcrsc 
compensation occur\ since the air wili bc w a x e r  than thc Ic:if a n d  inctc;i\ccl Ntnd 
forces the convective transfer of energy to the leaf, hcnce warming thc Icaf, a s  
well as mixing more warm air with the cooler surface air and accelerating the 
change in leaf temperature. The result of this activity is that AT tends to remain 
small and hcnce the lcaf is close to air temperature. 

The cushion plants will be more tightly coupled to the heat capacity of the 
ground than will the plants of upright habit. The temperature changes of these 
plants will lag behind the changes of the upright plants, but generally the maximum 
and minimum temperatures will be more extreme. 

The influence of wind on the temperature of various parts of krumholtz having 
different expojurcs is very notable. Thc fully sunlit Icaves on  the Ice sidc of ;in 
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Englcman spruce krumholtz averaged 29.7 "C, while those cxposcd Icavcs 011 top 
averagcd 22.5 "C, with an air temperature of approximately 20 "C'. 'l'ht. \\.:Irma- 
leaves on the lee side will undergo a greater rate of photosynthesis, a greatcr pro- , 

ductivity, and hence growth will be in the lee direction. 
There is no question that the enormous predominance of \ \ h i  in thc cilpint. 

tundra, coupled with low air temperatures, is the priniarl reason for tlw 1iniitt.d 
growth and low habit of the plants. In parts of the world at low clc\ationh. \\ind 
may be a decidedly beneficial factor as a mechanism for renewing the CO, concen- 
tration near the leaf surface and stimulating productivity, but in the alpine tundra 
wind is primarily detrimental. There may be occasions on clear or partly cloudy 
days when wind will be beneficial for the seedlings growing closc to the soil The 
soil temperature will become very warm in still air and wind \vi11 assist with 
cooling the surface. 

ENERGY AND PHYSIOLOGICAL RESPONSE 

The consequence of the environmental factors as they influence plants can be 
evaluated in terms of the physiological processes within the plants. One such 
process is photosynthesis. MOONEY and BILLINGS (1960, 1961) have measured in 
the field the carbohydrate cycle and photosynthctic rates for alpine plants. 

S ~ ~ T T  and I ~ I L L I N G S  ( 1964) havc obtiiincd i n  thc I;i lx)r;itory I I I ~ ; I S I I I ' I I I ~ I ~ ~ S  

ol thc synthetic rate as a function of light intcnsity and tcnipcI ; i~~i~c f o r  sc*veral 
plant spccies normally found in alpine habitats. As a means of illustration thc data 
obtained for Geum rossii will be used here as shown in Fig. 12. The striking 
feature concerning these curves of photosynthetic rate is the relatively low tempe- 
rature for optimum activity, e.g. 8°C. This low optimum is present in the data 
for alpine races of the following species as well : Arenariu obtusiloba, Artemisia 
_rcnprlnrum, Deschampsia caespitosa, Poa alpina, Potentilla diversifolia, Trifoluim 
tfnsyphyll~m, Trifolium parryi. This is all the more init-resiiiig whec one realizes 
that Mimulus cardinalis and Mimulus lewisii growing in the Sierra mountains of 
California has its optimum photosynthesis ncar 30 "C. see M I L N E R ,  Nous  and 
H II:SF.Y ( 1964). 

I f  one: imagines a clcnr, still d;iy f o r  thc :tipine t u ~ i t l r ; ~  which I\ rc1;ilivcly w ; i m  
ncar the surface (maximum air temperature 29 " C )  then thc c n v i I ~ m n ~ c ~ i ~ : i I  condi- 
tions will vary diurnally as shown in Fig. 13. The temperature o f  sunlight cxposccl 
and unexposed plant leaves is given. If for the light intensity and leaf tcmpcraturc 
combination which occurs throughout the day one determines the photosynthesis 
from Fig. 12, the values shown in the lower portion of Fig. 13 arc obtained. The 
leaf temperatures were well above optimum during midday and for the exposed 
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FIG. 12. - Net photosynthesis as a function of plant 
temperatiire and light intensity for Geum rosii. 

The diurnal net photosynthesis for a plant in the alpine 
titntlra o n  a warm, still summer day is shown with thc 

time given in hour\ .  

leavcs ii \trong decrease in photosynthesis would occur throughout (hi> period. 
The shaded, unexposed leaf, though cooler, was not receiving as much sunlight 
and hcnce the total photosynthesis for it during the day amounted to 19.0mg 
CO,/gm dry weight compared with 31.2 for the fully sunlit leaf. At the light inten- 
sity given if an exposed leaf remained at an optimum temperature of 8 "C, then the 
photosynthetic curve shown would result with a total amount of 49.3 mg COJgm 
d l j  vs-cigh:. Fz: comprison purposes a cloudy day situation is illustrated on thc 
right hand side of Fig. 13. For the amount of light available on this ovcrcnst day 
the total photosynthesis of the exposed leaf (30.3), the unexposed leaf (31.8) and 
the optimum temperature condition (33.3) did not differ significantly. 

I t  is clear from these comparisons that leaf temperature is a very important 
factor in  thc photo\ynthctic response to given light conditions. I f  moxt ;ilpinc pl;ints 
truly have : in (JptiJTIUm temperature for photosynthesis ut 8 o r  1 0  "( ', thcn cl~. . ;~i- ly  
a mech;ini\m f o r  reducing the leaf temperaturc during days o f  intcnsc r;itliiition 

is of vital importance. In  this regard the ever present wind can contribute to the 
welfare of the alpine plants through its cooling influence on their temperatures. 
The wind also generates turbulence and mixing so that the cooler air above the 
surface is brought in contact with the warm soil. By producing cooler air at the 
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plant l~a ic l  and convective cooling o f  thc plant, thc wind is \ c I y  c~Ilec.ti\, i n  ils 
influence on plant temperatures. On the other hand, during thc spring. whcn a i r  
tempcrat~ires are low, the periods of relatively still air and warm soil ternpcratures 
may be most important in lifting plant temperatures to a suitable level for active 
photosynthesis to proceed. 
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